Dietary supplementation with resveratrol may produce calorie restriction-like effects on metabolic and longevity endpoints in mice. In this study, we sought to determine whether resveratrol treatment elicited other hallmark changes associated with calorie restriction, namely bradycardia and decreased body temperature. We found that during short-term treatment, wild-type mice on a calorie-restricted diet experienced significant decreases in both heart rate and body temperature after only 1 day whereas those receiving resveratrol exhibited no such change after 1 wk. We also used ob/ob mice to study the effects of long-term treatment because previous studies had indicated the therapeutic value of resveratrol against the linked morbidities of obesity and diabetes. After 12 wk, resveratrol treatment had produced no changes in either heart rate or body temperature. Strikingly, and in contrast to previous findings, we found that resveratrol-treated mice had significantly reduced endurance in a treadmill test. Quantitative reverse transcriptase-polymerase chain reaction suggested that a proposed target of resveratrol, Sirt1, was activated in resveratrol-treated ob/ob mice. Thus, we conclude that the bradycardia and hypothermia associated with calorie restriction occur through mechanisms unaffected by the actions of resveratrol and that further studies are needed to examine the differential effects of resveratrol in a leptin-deficient background.-Mayers, J. R., Iliff, B. W., Swoap, S. J. Resveratrol treatment in mice does not elicit the bradycardia and hypothermia associated with calorie restriction.
Sir2, Sirt1, also plays a significant role in responding to CR. First, expression of Sirt1 is elevated in numerous tissues with CR (11) , and transgenic mice that overexpress Sirt1 exhibit a phenotype mirroring some aspects of CR (12) . Sirt1 knockout mice, unlike wild types, do not increase their foraging activity in response to a CR diet (13) . Other evidence indicates that Sirt1 promotes gluconeogenesis and fatty acid mobilization, two critical components for energy delivery during CR, through its activation of hepatic PGC-1α and by preventing transcription of PPARγ target genes, respectively (14, 15) . Finally, Sirt1 has been shown to improve insulin sensitivity-another consequence of a CR diet (2, 16) -by inhibiting the phosphatase activity of PTP-1β (17) . It remains to be seen, however, whether Sirt1 plays any role in the regulation of the cardiovascular and body temperature changes associated with CR.
New research has focused on identifying and verifying so-called CR mimetics, or compounds that produce the benefits of CR by targeting the pathways regulating its effects (i.e., Sir2/Sirt1), without requiring a reduction in the number of calories consumed (5, 18) . A screen of small-molecule libraries initially identified resveratrol, a polyphenol derived from red grape skins, as an activator of Sir2/Sirt1 in vitro (19, 20, 21) although subsequent studies have questioned this finding (22, 23) . Nevertheless, several studies indicate that resveratrol treatment increases longevity in S. cerevisiae, D. melanogaster, and Caenorhabditis elegans in a Sir2-dependent manner (19, 24, 25) ; one recent study (26) , however, failed to replicate these findings in flies and worms. Resveratrol has shown some potential as a CR mimetic in mice, increasing survival rates in mice fed a high-fat, but not regular, diet (27, 28) and inducing transcriptional programs mirroring aspects of CR (28, 29) . It also stimulates other metabolic and physiological changes consistent with CR action, including decreased adiposity, improved endurance, increased metabolic rate, and increased insulin sensitivity and glucose tolerance (12, 27, 30) . Other purported Sirt1 activators, structurally distinct from resveratrol, have also shown promise as treatments for type 2 diabetes in mice (31) .
Because the adaptive response to CR affects so many different aspects of an organism and the studies of resveratrol to date have focused primarily on the metabolic and longevity endpoints, we sought to determine whether resveratrol treatment had any effect on cardiovascular or behavioral parameters of mice. To do this, we performed 2 studies supplementing a standard diet with 0.1% resveratrol. Using surgically implanted radiotelemeters in free-moving mice, we found that resveratrol treatment did not produce the same decrease in heart rate or body temperature as CR over a 1 wk period in wild-type mice. A second study, in which ob/ob mice received supplemented food for a 12-wk period, found that resveratrol had no lasting effects on heart rate or body temperature. Interestingly, although treated and control animals had similar activity levels within their cages, the ob/ob mice on a resveratrol-supplemented diet exhibited a dramatic decrease in treadmill endurance.
MATERIALS AND METHODS

Animals and diets
Adult C57Bl/6J mice, ob/ob mice, and their wild-type cohort mates were purchased from Jackson Laboratories (Bar Harbor, ME, USA). Mice were maintained on an AIN-93G standard diet for 2 wk before the start of each experiment. Mice on a calorie-restricted regimen were fed 60% of their 7-day average ad libitum food intake. Resveratrol-treated mice were fed a custom diet (Harlan Teklad, Madison, WI, USA) containing AIN-93G plus 0.1% resveratrol. All chow was stored at −20°C, and fresh food was provided every 2-3 days. Mice were maintained on a 12-h light-dark cycle and at an ambient temperature of 24 to 29°C.
Radiotelemetry
For the implantation of electrocardiographic radiotelemeters (model no. ETAF20; Data Sciences International, St. Paul, MN, USA), mice were anesthetized initially with 5% isoflurane in an oxygen stream and maintained on 1-2% isoflurane. Mice were kept on a heating pad (38°C) throughout implantation of the telemeter in the abdominal cavity and subcutaneous placement of the electrocardiographic leads (32) . Mice were kept on a heating pad (38°C) for their first 48 h postoperation.
Data streams at 500 Hz were collected from each animal for a 5-s period every minute over the course of a single day (23 h: 12 dark, 11 light, with the remaining hour reserved for handling and maintenance). Data were collected by using the Dataquest A.R.T. 3.01 acquisition and analysis software (Data Sciences International).
Short-term resveratrol treatment
Six C57Bl/6J male mice (6 months old, ~28-29 g) were implanted with electrocardiographic telemeters and allowed to recover for 1 wk. The mice were randomized into 3 groups over 3 feeding periods of 7 days each: standard food (control group), resveratrol-containing food (RSV group), and calorie restricted to 60% of ad libitum intake (CR group). Between feeding periods, the mice were fed a standard diet for 4 days. By the end of the experiment, all 6 mice underwent each of the 3 conditions. Food intake and body weight were measured daily. Heart rate data were obtained for 23 h daily and collapsed into light (11 h) and dark cycle (12 h) averages for each animal.
Long-term resveratrol treatment
Procedure At the start of the experiment, the 8-wk-old male ob/ob mice either remained on the standard diet (ObC; n=5) or were switched to the resveratrol-supplemented diet (ObR; n=6). The male wild-type cohort mates remained on the standard diet (WTC; n=6). Food intake was measured 3×/wk and averaged for the week. Body weight was measured once per week. Two weeks before the initiation of the resveratrol diet, 3 mice in each group were implanted with electrocardiographic telemeters. Data was obtained for 23 h once every 7 days, and the telemeters were turned off in the intervening time to conserve telemeter battery life. Data points from electrocardiographic devices were collapsed into an average for each animal for both the light and dark periods as above.
Indirect calorimetry
Custom-built shoebox cages were fitted with a polycarbonate lid providing a near-airtight seal for continuous determination of oxygen consumption. Air from each cage was sampled for 10 s every 8 min by an O2 analyzer (Ametek S-3A; Applied Electrochemistry, Naperville, IL, USA). Up to 4 cages were run simultaneously, with 1 of the cages left empty to serve as a blank control. Oxygen consumption was measured before resveratrol treatment and after 4 and 11 wk into the treatment. Ambient pressure data was measured electronically (DSI APR-1; Data Sciences International) and collected using the Dataquest A.R.T. 3.01 acquisition and analysis software.
Rotarod
The protocol used herein was adapted from a previous study (27) . Mice were tested on the rotarod before resveratrol treatment, and after 3, 6, and 11 wk into the trial. For each time point, the mice were given a habituation trial on the first day, where they were placed on the rotarod (755 Rotarod; IITC Life Sciences, Woodland Hills, CA, USA) at a constant speed of 3 rpm for 45-60 s. The next day, each mouse was given 3 trials during which the rotarod started at 3 rpm and gradually accelerated to 40 rpm over a 5-min period. The maximum trial length was 5 min, and there was a 30-min recovery period between trials. An individual average over the 3 trials was first calculated before finding a total group average.
Treadmill
The protocol used herein was adapted from a previous study (33) . Briefly, the mice were tested on the treadmill before resveratrol treatment and after 6 and 11 wk into the study. For each time point, mice were given a habituation trial on the first day, which consisted of 5 min on the treadmill (Mouse Modular Treadmill; Columbus Instruments, Columbus, OH, USA) at 10 m/min for WTC mice or 3 min at 7 m/min for ObC and ObR mice. For the experimental trial, mice were run on the following day. WTC mice ran at 10 m/min for 5 min, and the speed was increased 2 m/min every 2 min thereafter. ObR and ObC mice were started at 7 m/min for 5 min, with the speed increasing 2 m/min every 2 min thereafter. For the final trial during wk 11, the protocol for ObR and ObC mice was modified. Following 3 min at 7 m/min, the speed was increased to 8 m/min for 1 min followed by 9 m/min for 1 min. After this 5-min period, the treadmill was set at 10 m/min, and mice were run until exhaustion. For all trials, the open-ended back of the treadmill was blocked with cardboard. When mice touched the cardboard block, they were prodded with a second piece of cardboard; this served to encourage them to move to the front of the treadmill. For each trial, mice were run until exhausted, with exhaustion being defined as a failure to respond to repeated, firm prodding as well as a reliance on the cardboard support to continue at the set pace. Time to exhaustion and top speed were recorded, and from these numbers total distance was calculated.
RNA isolation and quantitative real-time reverse transcriptase-polymerase chain reaction (RT-PCR)
At the time of sacrifice, brown adipose tissue (BAT) was removed and flash frozen in liquid nitrogen for RNA analysis. Thawed BAT was homogenized in 4 M guanidine thiocyanate and extracted in phenol/chloroform; then the RNA was precipitated with isopropanol. The RNA was resuspended in diethyl pyrocarbonate-treated water. Following DNase treatment, quantitative real-time RT-PCR was carried out in a 2-step process. The iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) was used for cDNA synthesis (1 μg) and quantitative real-time PCR was performed on an iQ5 Real-Time PCR Detection System (Bio-Rad) with the following protocol: 95°C, 15 min; 40 cycles (95°C, 30 s; 55°C, 30 s; 72°C, 30 s) followed by a melt-curve analysis to confirm PCR products. Alternatively, total RNA was isolated from liver and heart tissues (also collected at the time of sacrifice) using Trizol reagent (Invitrogen, Carlsbad, CA, USA). Reverse transcription was carried out with superscript first-strand cDNA synthesis system (Applied Biosystems Inc., Foster City, CA, USA) using 1 μg of RNA. Quantitative real-time RT-PCR was performed on a real-time PCR thermal cycler (Applied Biosystems Inc.) The PCR program was 2 min 30 s at 95°C for enzyme activation, 40-50 cycles of 15 s at 95°C, 30 s at 58°C
, and 1 min at 72°C for extension. Melting-curve analysis was performed to confirm the real-time PCR products. All quantitations were normalized to the β-actin (BAT) or 18S rRNA (heart and liver) levels as indicated. Primer sequences used are provided in Table 1 .
Statistics
All results are reported as means ± SE. In the short-term study, a repeated-measures ANOVA was used with treatment as a repeated measure, followed by a least significant difference (LSD) test for statistical significance. Anatomical and physiological parameters in the long-term study were analyzed with 2-factor repeatedmeasures ANOVA with group as a between-subjects factor and treatment as a repeated measure, followed by an LSD test, unless otherwise noted. Estimates of power were calculated based on the design of the experiments and the sample sizes used. The power estimates ranged from 0.925 for body temperature in the long-term resveratrol treatment to >0.99 for most of the remaining measurements, including all of the measurements in the short-term treatment study. The 0.05 level of confidence was accepted for statistical significance.
RESULTS
Short-term resveratrol treatment has no effect on heart rate or body temperature in wild-type mice
The heart rate, body temperature, and activity levels of wild-type mice were analyzed over a 1 wk period of CR treatment (CR group), resveratrol treatment (RSV group), and ad libitum feeding of standard chow (control group). The diet supplemented with 0.1% resveratrol resulted in an average dose of 87 mg resveratrol · kg bw
The food intake of mice during resveratrol treatment was significantly lower than intake during control treatment on days 2 and 6 but not significantly different on any other day (Fig. 1A) . During CR, mice consumed 60% of control values. During the recovery period after 1 wk of CR, food intake increased significantly (Fig. 1A) . The body weights of mice decreased over the 1 wk CR feeding period, but body weights did not change during resveratrol and control periods (Fig. 1B) .
Core body temperature was lower during CR than during control feeding over the last 6 days of the 1 wk feeding period, as shown previously (2, 4, 34, 35) . Body temperature was higher for resveratrol than for control treatment on the first 3 days of the feeding period, with no other differences on any of the other days (Fig. 1C) . Heart rates during CR were significantly lower than during control feeding for the last 6 days of the 1 wk period, as shown previously (2, 36, 37). Heart rates during resveratrol feeding were not significantly different from control (Fig. 1D) . Activity levels did not differ among the 3 treatments (data not shown).
Long-term resveratrol treatment has no effect on heart rate, body temperature, or metabolic rate in ob/ob mice For the longer-term experiment, ob/ob mice were used as experimental subjects because recent data has highlighted the potential of resveratrol as a treatment for obesity and type 2 diabetes (27, 30) , and ob/ob mice have been used for decades to study these linked morbidities (38, 39).
The metabolic, cardiovascular, and behavioral effects of resveratrol were monitored in a cohort of ob/ob mice (ObC and ObR groups) and age-matched WTC mice over the course of a 12 wk study. The dosage of 0.1% resveratrol in the food resulted in an average of 101 mg resveratrol · kg bw −1 · day −1 at the start of the study and 60 mg resveratrol · kg bw −1 · day −1 at its conclusion. The decrease in dosage was the result of weight gain in the ob/ob mice throughout the study without an increase in food consumed. Resveratrol had no effect on body weight in the ob/ob mice ( Fig. 2A) . No difference in food intake was observed between the ObC and ObR groups, whereas both groups consumed significantly more food than the WTC group throughout the study (  Fig. 2B) .
Resveratrol had no effect on the mass specific metabolic rate (MSMR) of ob/ob mice during either the dark or light cycles (Fig. 2C ), and both groups had a lower MSMR than WTC mice. Heart rate was monitored throughout the duration of the study in ObC, ObR, and WTC groups using electrocardiographic telemetry devices. The average dark-and light-cycle heart rates were unchanged by resveratrol at all time points. ObR and ObC mice generally had elevated heart rates (albeit small increases) in the light cycle, at least during the first half of the study (Fig. 2D) . As reported previously (39, 40) , the dark-cycle core body temperature (Tb) of both groups of ob/ob mice was generally lower compared with WTC mice throughout the study (Fig. 2E) . Resveratrol treatment, however, had no effect on core body temperature (Fig. 2E) . During the light cycle, the core body temperature of WTC mice was not consistently higher than that of either ob/ob group (Fig. 2E) . Resveratrol did lower core body temperature slightly and transiently during wk 2, 5, and 7 (Fig. 2E ).
Resveratrol treatment negatively affects endurance in ob/ob mice
General cage activity, obtained from the telemeters, was lower in the dark cycle within both groups of ob/ob mice compared with wild-type mice (Fig. 3A) . In the light cycle, no difference in general cage activity was detected among any of the groups (Fig. 3A) . Resveratrol treatment did not affect activity in either the dark or light cycle. As a measure of agility, the mice were subjected to a rotarod test on a gradually accelerating rotarod before resveratrol treatment, and after 3, 6, and 11 wk into the trial. Both ob/ob groups performed significantly inferior to the WTC mice (Fig. 3B) . In addition, the average time to fall for the WTC group remained stable over the course of the study-there was no significant change in average fall time between wk 0 and 11. Performance on the rotarod in both ObC and ObR groups significantly diminished over the 12 wk of the study (paired t test, P<0.05 for both the ObC and ObR groups). This finding is likely the result of the weight gain in these animals ( Fig. 2A) .
The mice were also subjected to a treadmill run test before the initiation of treatment, and at wk 6 and 11 during the study (Fig. 3C) . As with the rotarod test, the endurance of the wild-type mice remained unchanged from wk 0 to 11, indicating that the frequency of testing did not have a training effect on these mice. The distance run for this group was significantly farther than for either of the ob/ob groups at each time point (Fig. 3C ). At wk 6, ObR mice ran a significantly shorter distance (~50 m less) than ObC mice. The running protocol for the ob/ob animals was modified in wk 11 such that the animals were run at a moderate speed (see Materials and Methods). With this new protocol, ObC mice were able to run even farther than during wk 6 (Fig. 3C ). The distance run by the resveratrol-treated animals, however, decreased. The actual difference in the distance run by the groups was dramatic, with the ObC group running more than 5× as far as the ObR group (Fig. 3C ).
Resveratrol alters expression profiles in brown adipose, heart, and liver tissues
Expression levels of several genes were assessed in BAT and in heart and liver tissues via quantitative realtime PCR (Fig. 4) . Levels of UCP-1 in the BAT (Fig. 4A ) of ObC mice were significantly lower than those in WTC mice (<50%), in agreement with previously published data (41) . Resveratrol treatment normalized BAT UCP-1 compared with WTC mice. Also consistent with previous reports (42), PGC-1α levels were significantly depressed in the BAT of ObC mice relative to wild types (~30% of WTC). As with UCP-1, resveratrol treatment led to the up-regulation of PGC-1α transcripts.
In the cardiac tissue of ObR mice, levels of PGC-1α and interleukin (IL) -6 (a marker of inflammation) were significantly reduced compared with ObC (Fig. 4B) . The former result matches previous findings in wild-type animals (29) , and the latter extends from data indicating that resveratrol treatment can reduce IL-6 levels in the aortas of older or obese mice (28) . It has also been established that resveratrol treatment can increase expression of iNOS in the hearts of wild-type mice, providing protection of ischemic injury (43) . Here, we extend these findings to ob/ob mice with a trend (P=0.066) toward an elevation of iNOS in the hearts of mice treated with resveratrol.
As in BAT, resveratrol treatment led to increased expression of PGC-1α in the livers of ObR mice (Fig. 4C) . Because resveratrol has been shown to activate AMP-activated protein kinase (AMPK) in the livers of wild-type mice (43, 44) , we also checked the expression of gluconeogenic genes, G6Pase and PEPCK, targets known to be repressed by activated AMPK (45) . Surprisingly, we saw no effect on the expression levels of these genes vs. ObC.
DISCUSSION
Despite recently published data indicating that a 3-decades-long increase in childhood obesity rates may have reached a plateau (46), obesity and its associated adverse health consequences-high cholesterol, asthma, hypertension, heart disease, and type 2 diabetes-remain a chief concern as one of the major causes of morbidity and mortality in the United States (47, 48) . As of 2005-2006, more than one-third of all U.S. adults were obese (49) .
CR is associated with a host of physiological changes that are linked to a longer, healthier life: decreased body weight and adiposity; decreased blood glucose, insulin, triglyceride and cholesterol levels; and increased insulin sensitivity (5) . Because this condition represents the converse of the obese phenotype, much effort has been expended to identify the pathways responsible for regulating the CR phenotype and to find compounds capable of manipulating those pathways for clinical benefit. Within the past decade, a histone deacetylase, Sir2 (and its mammalian homologue Sirt1), and resveratrol, a compound found in foods such as red grape skins, have emerged as potential candidates for these roles (6, 8, 19) . Indeed, recent work in mice indicates that resveratrol can mimic many of the transcriptional, metabolic, and physiological effects of CR (27, 28, 29, 30) . With this study, we wished to expand on these findings to determine whether resveratrol could mimic the cardiovascular and behavioral characteristics associated with CR as well. Using a radiotelemetry system that allows for continuous monitoring of physiological parameters in free-moving mice, we provide novel evidence that the previously reported CR-mimicking actions of resveratrol do not extend to heart rate and body temperature regulation over either short-or long-term periods of administration. In addition, a treadmill test revealed that resveratrol negatively affected the endurance of ob/ob mice over a 12-wk course of treatment.
Substantial bradycardia is a hallmark of CR (2, 3, 50) . In our short-term experiment, we found that mice experienced significant bradycardia within 1 day of CR (Fig. 1D ). Resveratrol treatment had no effect, however, on heart rate, either within wild-type mice over a short-term (Fig. 1D) or within ob/ob mice over a longer term (  Fig. 2D) . Because the bradycardia associated with CR is associated with elevated parasympathetic influence over the heart, diminished sympathetic influence over the heart, and a lowered intrinsic heart rate (51), we conclude that resveratrol treatment does not significantly affect the autonomic nervous system influence over the heart nor the intrinsic beating rate. Similarly, wild-type mice on a short-term CR diet experienced a significant and sustained decrease in body temperature, yet in both studies, resveratrol treatment (Figs. 1C and 2E) produced only transient alterations in body temperature that were inconsistent with the CR phenotype (2, 3) . Hence, it appears that resveratrol also fails to mimic the core body temperature effects of CR.
Given previous reports describing the beneficial effect of resveratrol on endurance in mice fed a high-fat diet (30), we were surprised to find that the ObR mice performed more than 5-fold worse than ObC mice in a treadmill endurance test (Fig. 3C ). Our findings are consistent, however, with another report demonstrating that Sirt1-deficient mice have increased treadmill endurance (13) , in that active Sirt1, potentially activated in our experiments with resveratrol, may hinder stamina. Thus, the beneficial effects on motor functioning observed in a diet-induced model of obesity may not be universal to all models of obesity.
It is possible that the lack of an effect by resveratrol on heart rate or body temperature indicates a nonoptimal dosage of resveratrol. The dosage level for this study, however, was selected as a midpoint between 2 previous studies-4-fold greater than Baur et al. (27) and 4-fold less than Lagouge et al. (30) . The dosage used here is also well within the range of other published studies (43) . In addition, gene expression data in several tissues of ob/ob mice (Fig. 4 ) are mostly consistent with previously reported in vivo effects of resveratrol.
Our data hint that resveratrol may enhance Sirt1 activity in vivo. Sirt1 is known to deacetylate and activate PGC -1α (15) . The expression of both PGC-1α and UCP-1 is depressed in the BAT of ObC mice compared with WTC mice (41, 42) , and resveratrol treatment is known to increase PGC-1α expression in skeletal muscle (30) . In addition, UCP-1 is induced on activation of PGC-1α in BAT (52); we also find that UCP-1 levels return to wildtype levels in ob/ob mice treated with resveratrol. Interestingly, PGC-1α levels in the heart are elevated with obesity ( Fig. 4B ) (53), a condition which reseveratrol treatment can reverse (29) . We also examined the transcriptional profiles of several other genes in ob/ob mice indicative of the antioxidant and AMPK-activating properties of resveratrol. From our data, it appears that the antioxidant effects of resveratrol (28, 43) do indeed extend to the ob/ob model of obesity, whereas the AMP kinase activating activity does not. This latter finding could result from the leptin-deficient background of our mice; leptin is an established activator of AMPK in skeletal muscle (54) , although little is known of its effects in the liver. In addition, the lack of AMPK activation may explain the reduced endurance in the ObR mice. Regardless, the altered transcriptional profiles of 3 distinct tissues suggest that resveratrol did indeed have an effect on these ob/ob mice.
To summarize, because of the alarming prevalence of obesity and obesity-related conditions, a significant amount of work has gone into studying the therapeutic potential of resveratrol because of its ability to mimic the effects of CR in yeast and lower animals (19, 24) . Although evidence exists that resveratrol can improve the metabolic predicament of mice fed a high-fat diet (27, 30) , resveratrol had no major effect on most of the physiological parameters considered in this study, affecting only the treadmill endurance of ob/ob mice. Therefore, two conclusions become apparent: it is likely that the changes in heart rate and body temperature that occur during CR are not mediated by resveratrol targets and that a further investigation of the effects of resveratrol in a leptin-deficient background is needed. Physiological effects of resveratrol on wild-type mice are different from effects of CR. Food consumption (A), body weight (B), light-cycle core temperature (C), and light-cycle heart rate (D) of C57Bl mice during ad libitum feeding (control), restriction to 60% of normal caloric intake (CR), and consumption of standard diet supplemented with 0.1% resveratrol (RSV). Days −2 and −1, days preceding treatment; days 1-7, treatment days; days +1 and +2, days following treatment. Black bar: P < 0.05, RSV vs. control; gray bar: P < 0.05, CR vs. control. Data shown as means ± SE.
Figure 2.
Resveratrol has little effect on various anatomical and physiological measurements. A) Body weight of WTC, ObC, and ObR mice. Both ObC and ObR mice weighed significantly more than WTC mice during the entire 12-wk study; P < 0.05. B) Daily food intake averaged per week. C) Dark-and light-cycle mass-specific metabolic rate [ml O2·min 
